Most metal hyperaccumulating plants accumulate nickel, yet the molecular basis of Ni hyperaccumulation is not well understood. We chose Senecio coronatus to investigate this phenomenon as this species displays marked variation in shoot Ni content across ultramafic outcrops in the Barberton Greenstone Belt (South Africa), thus allowing an intraspecific comparative approach to be employed. No correlation between soil and shoot Ni contents was observed, suggesting that this variation has a genetic rather than environmental basis. This was confirmed by our observation that the accumulation phenotype of plants from two hyperaccumulator and two non-accumulator populations was maintained when the plants were grown on a soil mix from these four sites for 12 months. We analysed the genetic variation among 12 serpentine populations of S. coronatus, and used RNA-seq for de novo transcriptome assembly and analysis of gene expression in hyperaccumulator versus non-accumulator populations. Genetic analysis revealed the presence of hyperaccumulators in two well supported evolutionary lineages, indicating that Ni hyperaccumulation may have evolved more than once in this species. RNA-Seq analysis indicated that putative homologues of transporters associated with root iron uptake in plants are expressed at elevated levels in roots and shoots of hyperaccumulating populations of S. coronatus from both evolutionary lineages. We hypothesise that Ni hyperaccumulation in S. coronatus may have evolved through recruitment of these transporters, which play a role in the iron-deficiency response in other plant species.
INTRODUCTION
Metal hyperaccumulating plants detoxify and accumulate high concentrations of metals including Ni, Zn and Cd in their above-ground tissues (Baker and Brooks, 1989) . Although hyperaccumulation has evolved multiple times in angiosperms, it is nonetheless a rare trait and has been reported from <500 species (Kr€ amer, 2010) . Hyperaccumulators have attracted interest with a view to their use in the study of metal homeostasis and in phytoremediation, phytomining or bio-fortification (Rascio and Navari-Izzo, 2011) . Whether metal hyperaccumulation confers an adaptive advantage remains a contentious question, with elemental defence against herbivore or pathogen attack among the favoured hypotheses (Fones et al., 2010; Pollard et al., 2014) .
Nickel hyperaccumulators have shoot Ni concentrations >1000 mg kg À1 dry weight (DW) and represent some 80% of known hyperaccumulators (Kr€ amer, 2010) . This likely reflects the global distribution of the serpentine soils with which they are strongly associated (Baker and Brooks, 1989) . These soils are derived from ultramafic rocks and are characterised by a high Mg:Ca ratio, low levels of macronutrients and high levels of Ni, Cr and Co (Proctor, 1999) . Although the first Ni hyperaccumulator was described in 1948 (Minguzzi and Vergnano, 1948) , we still know comparatively little about the molecular basis of this trait. While the roles of histidine (His) and nicotianamine (NA) as Ni chelators have been well documented in Alyssum and Noccaea Ni hyperaccumulators respectively (Kr€ amer et al., 1996; Vacchina et al., 2003; Ingle et al., 2005) , the proteins involved in other key physiological processes underlying the hyperaccumulation phenotype such as Ni uptake, xylem loading, and sequestration remain largely unknown (Merlot et al., 2014) .
To date most research efforts aimed at understanding the molecular basis of hyperaccumulation have focused on two Zn/Cd accumulating members of the Brassicaceae, Arabidopsis halleri and Noccaea caerulescens (Pollard et al., 2014) . This is due to their relatively close evolutionary relationship to Arabidopsis thaliana, which facilitated the use of the genomic tools available for this species (Kr€ amer, 2010) . Studies using Arabidopsis microarrays have demonstrated that these hyperaccumulators display constitutively elevated expression of genes implicated in metal uptake, transport and chelation in comparison with non-accumulators (Becher et al., 2004; Weber et al., 2004; van de Mortel et al., 2006) .
The advent of RNA-sequencing (RNA-seq) has greatly facilitated the study of gene expression in non-model organisms, allowing de novo transcriptome assembly and quantification of transcript abundance in the absence of a reference genome (Grabherr et al., 2011) . As predicted by Verbruggen et al. (2013) , researchers working on hyperaccumulators have embraced this technology. Transcriptome assembly has been carried out for several species, including the Ni hyperaccumulator Psychotria gabriellae (Merlot et al., 2014) and Zn/Cd hyperaccumulator Sedum alfredii (Gao et al., 2013) , as has a comparative analysis of gene expression in root tissues of three accessions of N. caerulescens (Halimaa et al., 2014b) . This latter study is noteworthy as it recognises that the greater the evolutionary distance between the comparator groups, the harder it is to link differential gene expression to the hyperaccumulation phenotype as it will also occur due to divergence over evolutionary time, or adaptation to other environmental factors (Pollard et al., 2014) . The intraspecific RNA-seq analysis identified some genes that were differentially expressed in the Ni-hyperaccumulating Monte Prinzera accession (Halimaa et al., 2014b) . However, interpretation of the results was complicated by the fact that these accessions also vary in their capacity to accumulate Zn and Cd, and that the sites from which these plants were derived are separated by hundreds of kilometres and have very different soil chemistries (Assunc ßão et al., 2003) .
A species that is a strict Ni hyperaccumulator, yet shows marked variation in shoot Ni content between serpentine sites over a small geographical area would be an alternative model to identify the patterns of gene expression that underlie Ni hyperaccumulation using RNA-seq. Unfortunately, the vast majority of known Ni hyperaccumulators are obligate hyperaccumulators (Pollard et al., 2014; Reeves et al., 2015) . While variation in Ni hyperaccumulation between populations has been reported in the field, it was relatively low e.g. <5-fold in Alyssum bertolonii and Alyssum murale (Galardi et al., 2007b; Bani et al., 2009 ) and <2.5-fold in Alyssum lesbiacum (Kazakou et al., 2010) and lower still in hydroponic experiments (Galardi et al., 2007a; Adamidis et al., 2014) . Furthermore it is unclear whether this variation has a genetic basis or is due to environmental factors. For example, a highly significant correlation between shoot and total soil Ni contents was reported across nine populations of A. bertolonii (Galardi et al., 2007b) . Even the dramatic variation in shoot Ni content (13-2873 mg kg À1 dry weight (DW)) observed in Pimelea leptospermoides was attributed to variation in total soil Ni content and pH rather than to genetic variation (Reeves et al., 2015) . Facultative Ni hyperaccumulators are found on both serpentine and non-serpentine soils (Pollard et al., 2014; Reeves et al., 2015) . While the majority of facultative hyperaccumulators accumulate Ni whenever growing on serpentine soils, this is not the case for all. For example, Alyssum sibiricum has been reported to accumulate Ni at only some serpentine sites within its range (Reeves and Adig€ uzel, 2004) . Senecio coronatus (Thunberg) Harvey (Asteraceae) is another such species. This perennial is widely distributed in grasslands throughout southern Africa including those on the ultramafic outcrops of the Barberton Greenstone Belt (South Africa) that have soil Ni levels >1000 mg kg À1 DW (Morrey et al., 1989) . The ability of S. coronatus to hyperaccumulate Ni was first reported by Morrey et al. (1992) , but subsequent studies have revealed that Ni hyperaccumulation is not a species-wide trait (Mesjasz-Przybyłowicz et al., 1997) . For example, a study of plants at four serpentine sites revealed a 100-fold range in shoot Ni content, with two hyperaccumulator populations (8800 and 12 000 mg Ni kg À1 DW) and two nonaccumulator populations (<130 mg Ni kg À1 DW) (Boyd et al., 2008) . While soil Ni levels were not determined, these sites also supported the Asteraceae Ni hyperaccumulators Berkheya coddii and Berkheya rehmanii, with shoot Ni contents >4000 mg kg À1 DW (Boyd et al., 2004 (Boyd et al., , 2008 .
This finding suggested that the variation in shoot Ni content in S. coronatus was not due to Ni availability, in line with the results of Mesjasz-Przybyłowicz et al. (2007) who reported that total and extractable Ni contents at a site in which S. coronatus hyperaccumulated Ni were actually two-fold lower than at a site where there was no hyperaccumulation.
The apparent genetic basis of the marked variation in shoot Ni content in S. coronatus and the proximity of hyperaccumulator and non-accumulator populations on the same soil type, make this species an attractive model to study the molecular basis of Ni hyperaccumulation (Boyd et al., 2008) . In this study we identified a conservative set of genes that may underpin the Ni hyperaccumulation phenotype in this species, using a comparative RNA-seq-based approach informed by an analysis of the evolutionary relationships between hyperaccumulator and non-accumulators. Our data suggest that this phenotype has evolved more than once in S. coronatus, and might be linked to the recruitment of several transport proteins involved in the iron-deficiency response in plants.
RESULTS
Variation in shoot Ni content in Senecio coronatus is not explained by total Ni soil content Field testing of leaf material from S. coronatus with dimethylglyoxime (DMG) at the 12 serpentine outcrops surveyed indicated that plants from four of these were Ni hyperaccumulators (Table 1 and Figure S1 ), and at no single site did we detect both hyperaccumulator and nonaccumulators. To validate the DMG results we measured shoot Ni contents from five serpentine populations (three identified as hyperaccumulators by DMG testing) using ICP-MS. As soil Ni contents were not measured in most earlier studies of S. coronatus, we also determined these contents to better understand the relationship between these variables. As there is no universally recognised method for determining extractable Ni in soil (Galardi et al., 2007b) , we opted to measure total Ni. While only minor variation was observed in soil Ni levels among the serpentine sites (Figure 1a ), shoot Ni concentrations showed a marked (55-fold) variation across the serpentine populations of S. coronatus, despite their geographical proximity. For example, the serpentine outcrops at Groenvaly (GV) and Groenvaly Mine (GVM) are <1 km apart, yet shoot Ni levels averaged 4124 mg kg À1 DW at GV versus 106 mg kg À1 at GVM. Ni accumulation factors (ratio of shoot:soil Ni) were >1.5 in all three populations that had been identified as hyperaccumulators by DMG testing, while those in the non-accumulators were similar to plants growing on non-serpentine soils (Figure 1b) . These results validated our in-field phenotyping of S. coronatus populations as hyperaccumulators or non-accumulators. We combined our data with previously published MS data on shoot and soil Ni levels from three additional sites in this region (Mesjasz-Przybyłowicz et al., 1994 , 1997 . Regression analysis revealed no significant correlation between total soil and shoot Ni contents (Figure 1c ). We also found no difference in soil pH (range 5.7-5.9), which has been linked to shoot Ni content in other hyperaccumulators (Reeves et al., 2015) . The final indication that variation in shoot Ni content in S. coronatus was not due to soil Ni content came from the analysis of plants from two hyperaccumulator (AM and KP) and two non-accumulator sites (GAL and GVM) grown in a single soil mix containing equal amounts of soil from all four sites for 12 months. ICP-MS confirmed that plants from AM and KP continued to accumulate Ni to >1000 mg kg À1 in new leaf material while those from GAL and GVM did not (Table S2) .
Analysis of evolutionary relationships between S. coronatus populations
While the serpentine populations of S. coronatus plants clearly display distinct Ni accumulation phenotypes, it is unclear whether there is a corresponding level of genotypic variation. To investigate genetic diversity in these populations, and the evolutionary relationships between them, we amplified the nuclear rRNA gene internal-transcribed-spacer 1 (ITS1) from 102 plants across 14 sites. Thirty-five polymorphic sites were present in the 665-bp ITS1 alignment, yielding 19 haplotypes ( Figure S2 ). An analysis of haplotype distribution revealed that in general these were shared between populations with the same phenotype (Table S3 ). For example, haplotypes 5-7 were shared between the Ni hyperaccumulators at Doyershoek (DK) and GV, while haplotype 9 was found in all serpentine non-accumulator populations. The notable exception to this pattern was the KP hyperaccumulators in which the haplotypes present were shared only with non-accumulators. A distance-based phylogenetic reconstruction was performed on the ITS1 sequence ( Figure 2 ) and haplotype ( Figure S3 ) data. Both analyses identified three well supported lineages. Lineage A contained all non-accumulators on serpentine sites and the KP Ni hyperaccumulators, while the sister group (lineage B) contained the remaining Ni hyperaccumulators. Plants sampled from the non-serpentine sites formed a third more distantly related group (lineage C). To improve confidence in this reconstruction we obtained sequence data for the plastid locus trnS UGAtrnfM CAU from 32 plants (across 13 sites), and combined these data with the ITS1 sequence for the corresponding sample. The resulting tree displayed the same relationship between the populations as the ITS1 dataset ( Figure S4 ). We used AMOVA to determine the extent to which genetic diversity is distributed within and among the serpentine populations of S. coronatus. Φ PT values were high for both the ITS1 (Φ PT = 0.91) and the combined ITS1-trnS UGAtrnfM CAU (Φ PT = 0.86) datasets, indicating a high degree of genetic differentiation between the populations. To understand the degree to which Ni accumulation phenotype and evolutionary relatedness (as inferred by our phylogenetic reconstruction) may have influenced genetic differentiation, we grouped the populations according to phenotype (hyperaccumulator/non-accumulator) or phylogeny (lineage A/B). While the percentage of genetic variation residing among groups was significant for both permutations (P = 0.001), it was markedly higher when populations were grouped by phylogeny (Table 2 ). In contrast, a Mantel test revealed no relationship between geographical distance and genetic diversity among the serpentine populations ( Figure S5 ).
De novo assembly and annotation of the S. coronatus transcriptome
Based on our genetic analysis we selected four populations for RNA-seq to identify genes differentially expressed in hyperaccumulators versus non-accumulators. As our data suggest that Ni hyperaccumulation may have evolved twice in S. coronatus we included hyperaccumulator populations from both lineages (AM and KP). The serpentine non-accumulator population GAL was chosen as it is the geographically closest site to AM. Finally, we selected a non-serpentine population (PF) as it was possible that the non-accumulator phenotype of populations in lineage A might represent secondary loss of the hyperaccumulation trait, and hence overall gene expression patterns might still be similar to those of hyperaccumulators. Three plants per population were collected and acclimated (see Experimental procedures) before harvesting of root and shoot tissues for RNA extraction and library construction. In total, 445 007 169 100 bp paired-end (PE) reads were produced from the sequencing libraries. The de novo transcriptome assembly was performed using in total, 138 181 378 pre-processed PE reads. The initial assembly generated a transcriptome containing 226 118 Trinity isoforms (contigs) grouped into 154 617 Trinity genes (transcripts sharing identical k-mers). As commonly observed in initial de novo assemblies, these values are biologically implausible and we refined the transcriptome using the filtering process of Ranjan et al. (2014) . This involved removing contigs that were not well supported by sequence reads (FPKM values <1 across all samples) and redundant contigs (>95% sequence similarity) from the assembly. This simple filtering process reduced the number of isoforms and genes by >50%, yet only reduced the percentage of PE reads that mapped to the transcriptome assembly by 1.2 percentage points (Table 3) , with mapping rates for the individual libraries averaging 80% ( Figure S6 ).
To obtain a quantitative assessment of the quality of our refined transcriptome we employed two tools, BUSCO (Simão et al., 2015) and TransRate (Smith-Unna et al., 2016) . BUSCO assesses transcriptome completeness by screening for the presence of 1440 near-universal singlecopy plant orthologues. At the Trinity gene level our assembly contained 1301 complete BUSCOs, with 1265 of these present as the expected single copies ( Figure S7 ). TransRate is a reference-free method of assessment, in which the assembly score provides a quantitative measure the level of agreement between the sequencing reads and assembly (ranging from 0 to 1). The TransRate analysis was carried out on the 90 270 isoforms and returned a score of 0.3889, which is higher than that obtained for all but 12/155 de novo assemblies analysed by Smith-Unna et al. (2016) . Furthermore 79 974 of the 90 720 individual contigs were assessed as good, and 92% of PE reads mapped back to the assembly with 82% classified as good mappings (Table 4) .
Having determined that the completeness and quality of our assembly was satisfactory, we annotated the sequences. BLASTX analysis against our custom plant protein database revealed that 60 981 of the 90 720 isoforms (Table S4 ) and 46 318 of the 69 946 Trinity genes had hits with an e-value ≤1 9 10 À6 . RSEM analysis indicated that 96% of the PE reads mapping to the transcriptome do so to these sequences, while 24 688 isoforms and 16 713 genes generated alignments covering ≥70% of the length of their subject hit ( Figure S8 ). Half of the top BLASTX hits were against Cynara cardunculus that, like S. coronatus, is a member of the Asteraceae and is the closest related species with a substantial number of sequences in our database (Table S4) . The TransDecoder analysis, performed to identify potential protein-coding RNAs, indicated that 72 045 isoforms contained putative open reading frames (ORFs) of ≥40 amino acids (averaging 235), as did 56 108 of the Trinity genes. Of these, 26 878 isoform and 18 188 Trinity gene-derived ORFs were classified as complete (containing start and stop codons). In total 58 394 isoform and 44 761 Trinity gene-derived ORFs had BLASTP hits to the database with an e-value ≤1 9 10 À6 (Table S5) , and again >40% of these had an alignment length coverage ≥70% of their hit ( Figure S8 ).
Genes annotated with gene ontology (GO) terms associated with nickel and iron transport are expressed at higher levels in hyperaccumulators
Principle component analysis (PCA) of log-normalised read counts for the 69 946 Trinity genes separated the non-serpentine from serpentine populations on PC1 (accounting for >40% of the variance in expression), while PC2 separated the serpentine populations into hyperaccumulator and non-accumulators ( Figure 3) . Therefore, despite their evolutionary divergence, overall gene expression patterns were most similar between the AM and KP hyperaccumulators. To identify a conservative set of candidate genes that may underpin this phenotype we looked for differentially (a) Total soil and shoot Ni contents were determined at five serpentine and one non-serpentine sites using ICP-MS. Values shown are means AE standard error of the mean from three independent replicates. ANOVA revealed no significant difference between soil Ni levels at AM, GAL, GV and GVM. (b) Ni accumulation factor (ratio of shoot:soil Ni contents) at the same sites. (c) Mean soil and shoot Ni contents (mg kg À1 DW) at the five serpentine sites analysed in this study (black marker) and previously published data from three additional sites (grey markers). Regression analysis revealed no significant relationship between the two variables.
expressed genes (DEG) that showed statistically significant and robust (log 2 FC ≥ 1) differences in expression in both hyperaccumulator populations versus both non-accumulators (see Methods S1 for details). As numerous studies have indicated that the transporters implicated in metal uptake, root-to-shoot translocation and shoot vacuolar sequestration display elevated expression in hyperaccumulators versus non-accumulators (Kr€ amer, 2010) we focused on genes more highly expressed in hyperaccumulators. DEG analysis identified 394 (root) and 399 (shoot) such genes, of which 250 (root) and 189 (shoot) have BLASTX annotations (Table S6) , with 22 annotated as transport proteins ( Figure 4 ). We also identified 101 (root) and 170 (shoot) DEG with BLASTX annotations that are expressed at significantly lower levels in hyperaccumulators (Table S7) .
We used Blast2GO software to identify gene ontology (GO) terms enriched in the DEG lists. While no terms were enriched in the root DEG, nine were over-represented in the shoot genes more highly expressed in hyperaccumulators: four related to Fe transport and one to Ni transport (Table 5 ). The two S. coronatus genes associated with the term 'Ni ion transport' are related to proteins known to transport Fe and Ni in Arabidopsis. Trinity gene c96086_g1 is related to a group of five ZRT IRT1-like proteins (ZIP) in Arabidopsis, including AtIRT1 the major Fe 2+ uptake protein (Eide et al., 1996) (Korshunova et al., 1999; Nishida et al., 2011) . Phylogenetic analysis grouped the ZIP encoded by c96086_g1 with proteins annotated as IRT1 homologues from tomato, tobacco and potato ( Figure S9 ). Like AtIRT1, these display root-specific expression and are induced by Fe deficiency (Eckhardt et al., 2001; Barabasz et al., 2010; Legay et al., 2012) . However, ZIP phylogeny is complex due to extensive gene duplication -for example AtIRT1 is one of five paralogues (with IRT2, ZIP7, ZIP8 and ZIP10) which share high sequence similarity but perform different roles e.g. IRT2 is involved in intracellular sequestration of Fe 2+ rather than uptake (Vert et al., 2009) . Experimental evidence such as complementation of the Arabidopsis irt1 mutant will be necessary to determine whether the ZIP encoded by c96086_g1 is indeed a functional IRT1 orthologue, or a paralogue. The same caveat applies to Trinity gene c105458_g1 which encodes a member of the iron-regulated protein (IREG) family. In Arabidopsis there are two closely related paralogues. IREG2 localises to the tonoplast and transports Ni taken up by IRT1 into the vacuole (Schaaf et al., 2006) , with ireg2 mutants displaying increased susceptibility to Ni under Fe deficiency, when IRT1 expression is induced (Schaaf et al., Figure 2 . Neighbour-joining tree depicting phylogenetic relationship between Senecio coronatus ITS1 sequences. Evolutionary distances were computed using the Kimura 2-parameter method (units are the number of base substitutions per site). The percentage of replicate trees in which the associated samples clustered together in the bootstrap test (10 000 replicates) is shown above the branches if >50%. For clarity labels are S. coronatus populations (full names are provided in Table 1 ), rather than individual plant samples; red indicates hyperaccumulators, blue non-accumulators on serpentine soil and orange non-serpentine populations. The tree is rooted with the ITS1 sequence from S. conrathii. 2006). In contrast, IREG1 is involved in xylem loading of metals (Morrissey et al., 2009) . If elevated expression in S. coronatus ZIP and IREG is related to the hyperaccumulation phenotype, we would then expect that these genes are highly expressed in the other hyperaccumulating populations of this species. To test this idea (and validate the RNA-seq data) we measured their expression in seven S. coronatus populations using qPCR -the four used in the RNA-seq experiment -plus the two other hyperaccumulator populations (GV and DK), and another non-accumulator population (GVM). The RNA-seq and qPCR-derived expression values were in good agreement, and increased expression of both IREG and ZIP was also observed in the GV and DK hyperaccumulators but not in the GVM non-accumulators ( Figure 5 ), suggesting that it is indeed a common feature of S. coronatus hyperaccumulators.
In addition to the ZIP and IREG transporters, c54549_g1, which encodes a putative vacuolar iron transporter, was also annotated with Fe-related GO terms, as was c105738_g1_i2, which encodes a putative Fe deficiency induced transcription factor (FIT) ( Table 5 ). In Arabidopsis FIT is required for the up-regulation of IRT1 and IREG2 under Fe deficiency and is itself only expressed under such conditions (Brumbarova et al., 2015) . Analysis of the shoot DEG list identified an additional gene, FERRIC REDUCTASE OXIDASE 2 (FRO2), which while not annotated with these Fe-related GO terms plays a crucial role in strategy I Fe uptake by reducing Fe 3+ to Fe 2+ at the root surface; its expression is co-regulated with IRT1 and IREG2 by FIT (Brumbarova et al., 2015) . Furthermore, putative homologues of two other transporters (MTP3 and NRAMP1) that are targets of FIT in Arabidopsis (Colangelo and Guerinot, 2004) were also expressed at higher levels in Ni hyperaccumulators (Figure 4 ). To test whether these patterns of PCA plots were generated in DESeq2 using regularised log-normalised read counts for root and shoot tissue from each biological replicate. Red indicates Ni hyperaccumulators, blue non-accumulators on serpentine soil and orange non-serpentine plants. expression might simply result in an indication that the AM and KP hyperaccumulators suffered from Fe deficiency on the soil mix used in the RNA-seq experiment, while the GAL non-accumulators did not, we conducted several analyses. Measurement of shoot Fe levels in the plants used in the RNA-seq experiment revealed that these were similar between plants from the three populations, as were levels of the other elements analysed with the exception of Ni and to a lesser extent Co (Table 6 ). We also measured shoot Fe levels in tissue collected in the field from the GV hyperaccumulators (which also show elevated expression of ZIP and IREG, Figure 5 ), and GVM non-accumulators (which do not), and again found no difference between them (Table 6) , nor was there any difference in extractable soil Fe levels between the two sites ( Figure 6 ). There was also no apparent relationship between soil extractable Fe and accumulation phenotype of plants at the AM, KP and GAL field sites ( Figure 6 ). Lastly, the pattern of FIT and FRO2 expression observed in S. coronatus does not conform to what would be expected under Fe deficiency. In Arabidopsis FIT, FRO2 and IRT1 expression is largely restricted to roots and strongly induced in response to Fe deficiency (Colangelo and Guerinot, 2004) . However, qPCR analysis of FIT and FRO2 expression in S. coronatus confirmed that mRNA levels of both were barely detectable in roots, but were instead expressed in shoots, with higher expression in the hyperaccumulating populations ( Figure 7) .
Expression profiling supports a role for dicarboxylates in Ni hyperaccumulation in S. coronatus, but not nicotianamine or histidine
Elevated levels of nitrogen-containing ligands have been implicated in the Ni hyperaccumulation phenotype in several species. His and NA complex Ni in planta, and Alyssum and Noccea hyperaccumulators display increased . We therefore looked for evidence at the transcriptional level that these metabolites might play a similar role in S. coronatus. Homologues of the genes controlling the size of the free pools of these metabolites, ATP-phosphoriboysl transferase (Rees et al., 2009 ) and NA synthase (Pianelli et al., 2005) were identified in the transcriptome, but were not differentially expressed (Table S8 ). This observation is in agreement with the X-ray absorption experiments carried out by Montarg es-Pelletier et al. . Given the relatively low association constants of these ligands for Ni, it has been suggested that they function primarily in vacuolar sequestration of Ni (Callahan et al., 2006) . Interestingly, a tonoplast dicarboxylate transporter, which drives malate uptake into the vacuole (Emmerlich et al., 2003) , is strongly upregulated in shoots of the hyperaccumulators (Figure 4 ).
Senecio coronatus hyperaccumulators may have enhanced capacity to protect against Ni-induced damage
Metal-induced ROS can cause extensive damage to biological molecules, and an enhanced capacity for anti-oxidative metabolism has been reported in several Ni hyperaccumulators. For example, catalase activity in Alyssum bertolonii is some 500-fold higher than in tobacco (Boominathan and Doran, 2002) , while several Ni-hyperaccumulating Noccaea species have elevated concentrations of glutathione in comparison with related non-accumulators (Freeman et al., 2004) . While we did not observe increased expression of genes encoding catalase, super-oxide dismutase or ascorbate peroxidase, transcript levels of glutathione synthase were greatly elevated in both root and shoot tissues of S. coronatus hyperaccumulators (Table S6 and Figure S10 ), which may be indicative of increased glutathione biosynthesis. Interestingly, a glyoxalase I family protein is also expressed at higher levels in roots of S. coronatus hyperaccumulators. These enzymes use glutathione to detoxify methylglyoxal, levels of which increase in response to heavy metals (Hossain et al., 2012) . Despite an enhanced capacity for ROS detoxification, it appears that Ni hyperaccumulators cannot completely prevent an increase in ROS levels in the presence of Ni, for example H 2 O 2 levels increased 3.6-fold in roots of Alyssum bertolonii in response to 25 ppm Ni (Boominathan and Doran, 2002) . It has been suggested that metal-induced ROS may result in the constitutive expression of defence mechanisms in hyperaccumulators (H€ orger et al., 2013) . As recently reported for the Se hyperaccumulator Stanleya pinnata (Wang et al., 2018) , the S. coronatus hyperaccumulators also display higher expression levels of several nucleotide-binding-site leucine-rich-repeat resistance proteins, and an MLO-type receptor. Elevated expression levels of allene-oxide synthase, which catalyses the first committed step in the biosynthesis of jasmonate (Laudert and Weiler, 1998) and SAG101, which interacts with the key regulators of immunity EDS1 and PAD4 (Zhu et al., 2011) , were also observed in root tissues of the S. coronatus hyperaccumulators (Table S6) .
As ROS appear to increase in Ni hyperaccumulators despite an increased capacity for anti-oxidative metabolism, these plants must have additional tolerance mechanisms to ameliorate oxidative damage. Ni damages DNA via the generation of ROS and direct oxidation of guanine residues as well as inhibition of DNA repair systems (Cameron et al., 2011) . It has been suggested that the capacity to maintain genome integrity in the presence of elevated cellular Ni concentrations may be an important component of the hyperaccumulation phenotype (Gull ı et al., 2018) . While exogenous Ni caused DNA damage leading to reduced genomic integrity in Arabidopsis, this was not the case in serpentine N. caerulescens plants (Gull ı et al., 2018) . The increased genome stability in N. caerulescens correlated with an increased expression of genes involved in DNA methylation and histone deacetylation, and the authors suggested that epigenetic modification may prevent DNA damage and genome instability. We observed that putative homologues of a number of Arabidopsis genes involved in DNA repair and epigenetic modification are more highly expressed in S. coronatus hyperaccumulators, most notably in roots (Table S6) . These included RTEL1, which is involved in telomere maintenance (Recker et al., 2014) , and RecA2, which is required for DNA repair in organelles (Miller-Messmer et al., 2012; Recker et al., 2014) . Three genes required for the maintenance of epigenetic silencing of gene expression, MOM1, STRS1 and ICU2 (Hyun et al., 2013; Khan et al., 2014; Han et al., 2016) , as well as several chromatin remodellers and a histone deacetylase, also showed elevated expression levels in the hyperaccumulators (Table S6) ; this finding is line with the recent suggestion that chromatin compaction may increase genome stability in hyperaccumulators (Gull ı et al., 2018) . 
DISCUSSION
While most hyperaccumulator plants accumulate Ni, we understand relatively little about the molecular basis of this trait (Merlot et al., 2014; Sobczyk et al., 2017) . RNASeq provides the means by which to analyse gene expression in these species, but the choice of plant system is critical to extraction of the most biologically meaningful information (Halimaa et al., 2014a) . Expression profiling of a plant species that exhibits variation in Ni accumulation will minimise any variation due to evolutionary divergence or adaptation to other environmental factors, and is therefore an attractive strategy by which to identify the patterns of gene expression that underpin the Ni hyperaccumulation phenotype (Sobczyk et al., 2017) .
Senecio coronatus has been proposed as such a model (Mesjasz-Przybyłowicz et al., 2007; Boyd et al., 2008) , but the paucity of data on soil Ni meant that it was not possible to exclude this variable as the causative factor of the variation in shoot Ni contents. Our analysis indicated that there was no such relationship. The comparison of five serpentine sites (Figure 1a ) revealed a 55-fold variation in shoot Ni content that was not matched by a corresponding degree of variation in soil total Ni contents. Furthermore, non-accumulators were unable to accumulate Ni to >1000 mg kg À1 DW 12 months after transfer to a mix of soil from hyperaccumulator and non-accumulator sites (Table S2) , confirming the genetic basis of this phenotype. This phenotypic variation is matched by significant genetic differentiation, with three well supported evolutionary lineages across the 14 populations. Surprisingly, the four hyperaccumulator populations did not belong to a single lineage, with the KP hyperaccumulators grouping with the non-accumulator serpentine populations in lineage A (Figure 2 ). While we cannot exclude the possibility that Ni hyperaccumulation may have arisen in the last common ancestor of the serpentine lineages, with secondary loss later occurring in lineage A, our data are consistent with the hypothesis that Ni hyperaccumulation has evolved twice in S. coronatus. Phylogenetic analysis of the Odontarrhena section of the genus Alyssum has suggested that there are multiple independent origins of Ni hyperaccumulation in this group (Cecchi et al., 2010) , and Zn hypertolerance in A. halleri has also evolved multiple times (Pauwels et al., 2005) . Such findings are consistent with the hypothesis that metal hyperaccumulation results from relatively simple changes in gene regulation rather than requiring the evolution of novel gene products (Verbruggen et al., 2009) . While significant among-population variation has been reported in other Ni hyperaccumulators, for example 48% between nine populations of A. bertoloni (Mengoni et al., 2003) , the values determined for S. coronatus were high. We found that 92% of the genetic variation in ITS1 was between lineages A and B (Table 4) , and was indicative of a long history of isolation between these plants with very low levels of gene flow (Mengoni et al., 2003) . Within lineage A, most pairwise population Φ PT values (Table S1) were not significant at P < 0.05 and suggested that gene flow was occurring. The exception was KP, which displayed significant pairwise values with the non-accumulator populations. This finding may indicate that reproductive isolation begins after the evolution of Ni hyperaccumulation, possibly due to reduced fitness of hybrid offspring (Brady et al., 2005; Bomblies, 2010) .
As the primary aim of our RNA-seq analysis was to identify genes that are DE in hyperaccumulators versus nonaccumulators, reads from all 12 individuals were used in the assembly as recommended in the Trinity analysis pipeline (Haas et al., 2013) . While the generation of an assembly using a single plant would result in a more accurate transcriptome for that individual, it would limit DE analysis to genes that were expressed in that plant. Although it has been suggested that combining reads from multiple individuals may cause extensive contig fragmentation due to sequence polymorphism (MacManes, 2015) we found no evidence of this, as 90% of BUSCOs were categorised as complete ( Figure S7 ). This result compares favourably with three population-level Trinity assemblies generated for N. caerulescens (Blande et al., 2017) that each used just three plants, and so were likely to encompass far less genetic diversity than our assembly. In these assemblies, 90-93% of BUSCOs were complete, while TransRate scores ranged from 0.234 to 0.467 (0.389 in our assembly). These metrics indicated that our transcriptome is well supported by the sequencing reads, contains most highly conserved plant genes, and so was not unduly compromised by the inclusion of reads from multiple individuals.
Differentially expressed genes analysis indicated that <0.6% of the total Trinity genes were expressed at higher levels in both the hyperaccumulator population from lineage A (KP) and from lineage (AM). Twenty-two of these genes were annotated as transport proteins (Figure 4) , including members of the ZIP and IREG families that are related to two Arabidopsis proteins previously shown to transport Ni, IRT1 and IREG2. Quantitative-PCR analysis demonstrated that up-regulation of both these genes was common to all Ni hyperaccumulators in our study area ( Figure 5 ). IRT1 is the primary route of Ni uptake in Arabidopsis, most notably under Fe-deficient conditions (Nishida et al., 2011 (Nishida et al., , 2015 . Root Ni contents are low under Fe-replete conditions (approx. 1 lmol g À1 FW), increasing more than three-fold under Fe deficiency in Col-0, while remaining unchanged in irt1 mutants (Nishida et al., 2011) . IREG2 is required for vacuolar storage of Ni that was inadvertently taken up by IRT1 (Schaaf et al., 2006) . While complementation experiments are required to determine whether the S. coronatus ZIP and IREG proteins identified here are indeed functional orthologues of IRT1 and IREG2, it is interesting to note that increased expression of putative IRT1 and IREG homologues has also been reported in other Ni hyperaccumulators. Genes annotated as IRT1 and IREG2 showed increased expression in N. caerulescens roots from serpentine versus non-serpentine populations (Halimaa et al., 2014b) , and a vacuolar-targeted IREG (PgIREG1) is expressed at higher levels in the hyperaccumulator P. gabriellae versus the non-accumulator Psychotria semperflorens (Merlot et al., 2014) . Furthermore, strong genetic differentiation that is consistent with diversifying selection has been reported between serpentine and non-serpentine populations of Alyssum serpyllifolium at an IREG locus (Sobczyk et al., 2017) . The expression pattern of these genes in Ni hyperaccumulators differs markedly from that in Arabidopsis in which it is largely restricted to the root epidermis and was barely detectable under Fe-replete conditions (Colangelo and Guerinot, 2004; Schaaf et al., 2006) . Firstly, strong expression of these genes also occurs in shoots, and indeed was two-to three-fold higher than in roots ( Figure 5 ). PgIREG1 is similarly expressed in P. gabriellae shoots (Merlot et al., 2014) . Secondly, elevated expression in the S. coronatus hyperaccumulator populations did not appear to be related to any Fe deficiency in soil or plant; soil and shoot Fe levels were almost identical at the GV and GVM field sites ( Figure 6 , Table 6 ), yet ZIP and IREG were expressed at much higher levels in the GV accumulators ( Figure 5 ). Overall, soil Fe levels ranged from 83 to 214 mg kg À1 DW across the five serpentine sites analysed (Figure 6 ), far higher than the 5-10 mg kg À1 DW regarded as adequate for crop plant growth by agricultural departments in the USA and Australia. Leaf Fe content in S. coronatus ranged from 435 to 510 mg kg À1 DW (Table 6 ), higher than the median (167), and similar to the mean Fe contents (489 mg kg À1 ) of 632 plant species reported by Ancuceanu et al. (2015) . While we did not measure metal ion contents of root tissues, a previous comparison of four serpentine populations by Boyd et al. (2008) had revealed no significant difference in root Fe levels between hyperaccumulator and non-accumulator plants. In Arabidopsis, IRT1 and IREG2 expression is regulated by FIT. While we did observe an elevated expression of a putative FIT homologue in S. coronatus hyperaccumulators, this was only in shoots and not in roots in which it was barely detectable by qPCR (Figure 7 ), suggesting that ZIP and IREG expression levels can be regulated by another transcription factor in S. coronatus hyperaccumulators.
As a basis for future experimental work we propose the following tentative model for Ni hyperaccumulation in S. coronatus. High expression of ZIP at the root surface leads to enhanced uptake of Ni, a proportion of which may be sequestered into root vacuoles by IREG given that root Ni contents are 40-809 higher in hyperaccumulators versus non-accumulators (Mesjasz-Przybyłowicz et al., 2007; Boyd et al., 2008) . If the ZIP is indeed a functional IRT1 homologue then the fact that increased Fe levels are not observed in roots or shoots of hyperaccumulators (Boyd et al., 2008) might be explained by a lack of FRO2 expression in roots that is required for reduction of Fe 3+ to Fe 2+ for uptake by IRT1. We observed modestly (~4-fold) elevated Co levels in shoot tissues of S. coronatus hyperaccumulators (Table 6) , this finding has also been reported in Alyssum lesbiacum (Kr€ amer et al., 1996) . This result was attributed to the chemical similarity between Ni and Co, allowing Co to utilise the same uptake mechanisms, and AtIRT1 transportation of both (Korshunova et al., 1999; Nishida et al., 2011) . It has been suggested that Fe uptake by shoot cells in plants is mediated by an IRT-like transporter (Grillet et al., 2014) , and we hypothesise that the ZIP protein could also function to unload Ni from the xylem, which is then sequestered to the vacuole by IREG, while TDT may contribute by transporting malate into the vacuole for chelation of Ni. The higher expression of ZIP and IREG in shoots versus roots could potentially assist in driving root-to-shoot transport of Ni through efficient unloading and sequestration. Determination of the function and sub-cellular localisation of these transporters will be essential to test this model. The identity of the transporter that is responsible for xylem loading of Ni is unknown, but a putative homologue of NRAMP1, recently shown to mediate Fe transport across the endodermis (Castaings et al., 2016) , is expressed at higher levels in roots of hyperaccumulators (Figure 4) , and may be worthy of further investigation. Finally, given the increased expression of putative IRT1 and IREG2 homologues reported in N. caerulescens and P. gabriellae it is possible that a similar mechanism might also operate in these Ni hyperaccumulators. If so, this mechanism would be analogous to the convergent evolution of Zn hyperaccumulation in A. halleri and N. caerulescens in which high constitutive expression of the HMA4 ATPase leads to up-regulation of the Zn-deficiency response and drives an increased Zn uptake in both species (Hanikenne et al., 2008; Lochlainn et al., 2011) .
EXPERIMENTAL PROCEDURES Collection of Senecio coronatus plant and soil samples
The sites used in this study comprised 12 on serpentine soils in the Barberton Greenstone Belt, and two sites with non-serpentine soils (Table 1 and Figure S1 ). Plants were tested in the field for the ability to hyperaccumulate Ni by crushing leaf tissue (rinsed with water to remove dust) onto filter paper impregnated with 1% dimethylglyoxime, which detects Ni concentrations >1000 mg kg À1 DW (Reeves et al., 1999) . For analysis of genetic diversity, tissue was collected from multiple plants at each site (growing >2 m apart). Plants and soil were potted on site and transferred to the glasshouse, in which they were grown under natural radiation. To minimise differences in gene expression due to soil factors, plants to be used in RNA-seq (except those from PF) were re-potted in a single mix containing equal amounts of soil from two hyperaccumulator (AM and KP) and two non-accumulator sites (GAL and GVM) and acclimated for 12 months.
Determination of soil and tissue metal ion content
Tissues were rinsed in 0.5 mM EDTA, homogenised, and ashed by drying at 110°C for 4 h then 850À1000°C overnight. In total, 50 mg per sample were digested in HF at 70°C for 48 h. Ni contents were determined using the XSeriesII ICP-MS (Thermo Fisher Scientific). Extractable Fe soil content was determined by ICP-OES at Bemlab (bemlab.co.za). Soil pH was determined in filtered solutions generated from a 1:2 mix of dried soil and H 2 O.
Amplification of ITS1 and trnS
UGA -trnfM CAU genomic regions
The nuclear ITS1 and plastid trnS UGA -trnfM CAU regions were amplified by PCR using KAPA HiFi DNA polymerase (Roche), as previously described (Demesure et al., 1995; Wen and Zimmer, 1996) . The resulting DNA sequences were aligned using ClustalW software. RDP4 analysis (Martin et al., 2015) did not detect the presence of any chimeric PCR products.
Analysis of genetic diversity and phylogenetic relationships
model, and the neighbour-joining tree method (Saitou and Nei, 1987) used to construct phylogenies. Analysis of molecular variance (AMOVA) was employed to calculate pairwise population Φ PT values and to determine the hierarchical partitioning of genetic variation among populations and user-defined groups in Genalex v6.5 (Peakall and Smouse, 2006) . The Mantel test was used to test for a significant correlation between geographical and genetic distances (Table S1 ).
RNA-seq and transcriptome assembly and analysis
Total RNA was extracted using Trizol (Thermo Fisher Scientific) and then purified using the RNEasy cleanup kit (Qiagen). RNA-Seq libraries were prepared using the TruSeq RNA sample preparation kit and processed in the HiSeq2000 sequencer. The Trinity software package v20140413p1 (Grabherr et al., 2011) was used to perform de novo assembly and the majority of the downstream analyses. Detailed protocols are provided in Methods S1. Reads have been submitted to the NCBI SRA (bioproject accession number PRJNA312157).
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